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ABSTRACT 
Cells from serial cultures of R. rubrum, grown anaerobically in the light, were 
harvested at intervals from ~/~ to  15 days and sectioned for electron microscopy 
by conventional methods. 
Cells  of this  species  possess  a  multilayered outer  envelope, and  the  external 
cell surface is differentiated into ridges extending parallel or obliquely to the long 
axis of the cell. 
Cells  from  very  young  cultures  resemble  non-photosynthetic  bacteria  and 
contain  only  a  granular  cytoplasm,  scattered  high-density  particles,  and  low- 
density areas corresponding to the chromatin areas observed by light microscopy. 
They contain neither the chromatophores  nor  the lame]lar systems assumed  by 
previous investigators to be characteristic  of this species  when  grown anaerobi- 
cally in the light. 
Chromatophores appear in cells from cultures older than about  12 hours, while 
systems of paired  lamellae appear  along with  the chromatophores  in  cells from 
cultures older than  about  8 days.  Divergent opinions concerning the occurrence 
of chromatophores or lamellae in this species  can be resolved on the basis  of the 
age of cultures used in previous studies. 
Other  changes  occurring  in  ceils from  cultures  of increasing age include  the 
appearance of granular and reticulate cytoplasmic bodies and vacuoles, extension 
of the chromatin areas, and the appearance of a single membrane enclosing several 
chromatophores. 
INTRODUCTION 
Interest  in  the  intracellular  organization of the 
non-sulfur,  purple  bacterium  Rhodospirillum  ru- 
bruin  (Esmarch)  Molisch  has  been  stimulated  by 
the  extensive  use  of  this  organism  in  studies  on 
the  mechanism  of  photosynthesis.  Initial  reports 
concerning the internal structures occurring in cells 
of this species were based on studies of preparations 
obtained  from  disrupted  cells.  In  1952  Pardee  et 
al.  (13)  and  Schachman el al.  (15)  found  that  the 
entire pigment  complex of these  cells was  located 
in  relatively  large  particles,  "chromatophores," 
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which  electron  microscopy  revealed  as  flattened 
discs about  1100 A in diameter. Thomas  (16)  also 
obtained  discs  of similar size in preparations  from 
this  organism.  These  chromatophores,  however, 
were not visible in the electron micrographs of sec- 
tioned R. rubrum  cells presented  in  1955  by  Nik- 
lowitz  and  Drews  (12),  and  these  authors  con- 
cluded that  the pigment-bearing structures  within 
these  cells  consisted  of groups  of paired  lamellae 
similar to  those  found  in  many  other  photosyn- 
thetic  organisms. In  1956 Thomas,  Minneart,  and 
Elbers  (17)  also  reported  the presence of lamellae 
in sections of R.  rubrum.  More  recently,  Vatter 
and  Wolfe  (18)  have  reported  the  presence  of 
chromatophores  and  the  absence  of  lamellae  in 
sectioned  R.  rubrum  cells. 
During  preliminary  observations  of  sectioned 
R.  rubrum cells in  the  electron microscope, it be- 
came evident that  cells from  cultures  of different 
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ages exhibited striking differences in internal mor- 
phology,  and  a  more  thorough  survey  of  such 
cultures  was  undertaken.  The  results  obtained 
appear to resolve the conflicting opinions concern- 
ing  the presence  of  chromatophores and lamellae 
within these cells and reveal in R. rubrum  a  degree 
of structural complexity previously unobserved in 
the  bacterial  cell. 
Materials  and Methods 
Single  colony isolates  of R.  rubrum strain  S1  van 
Niel were grown in the liquid medium of Gest, Kamen, 
and  Bregoff  (8),  which  was  neutralized  with  KOH 
instead  of  with  NaOH,  and  which  contained  trace 
elements in  final concentrations as  follows:  (in parts 
per  million)  Mn,  0.5;  Zn,  0.05;  Cu,  0.02;  Co,  0.02; 
Mo, 0.01.  The cultures were maintained anaerobically 
in 30 ml. screw-top glass culture tubes in a water bath 
at 29 to 30°C.,  and located equidistant from two banks 
of 40-watt incandescent lamps separated by a  distance 
of  30  cm.,  with  the  lamps  spaced  10  cm.  center  to 
center and operating  at  110 to 120  volts. In  order  to 
maintain  actively  growing  cultures,  serial  transfers 
were made daily by adding 2 ml. of the previous trans- 
fer to a  tube containing 28 ml. of medium. To obtain 
cells  for  sectioning,  serial  transfers  were  prepared 
every 12 hours for 4 days. The youngest of these cultures 
was then transferred serially to produce cultures differ- 
ing  in  age  from  12  hours  to  15  days,  which  were 
harvested at  intervals of  1/~ day  from  12  hours to  8 
days, and at daily intervals from 8 days to  15 days. 
Since  only  a  limited  number  of  samples  could  be 
prepared for sectioning at any one time, it was neces- 
sary to process the samples in groups, with the younger 
or  older  samples  in  each  group  overlapping those  in 
groups of samples processed at other times.  This pro- 
cedure  furnished  a  continuous,  overlapping  series  of 
preparations from  cultures of  different ages and  pro- 
vided assurance that structures  observed within cells 
processed  at  different  times  did  not  result  from  for- 
tuitous variations in processing the cells for sectioning. 
The entire bacterial population in each culture tube 
was prepared for sectioning. The cells were sedimented 
and resuspended in fresh culture medium, and sufficient 
5  per  cent  osmium  tetroxide  in  water  was  added  to 
give a final concentration of 1 per cent OsO4. The sus- 
pension  was  then  adjusted  to  pH  7.5,  but  a  slight 
decrease in pH occurred during the fixation period of 
2  hours at  room  temperature.  Following fixation,  the 
cells  were  washed  briefly in  distilled water  and  then 
dehydrated by passage at 30 minute intervals through 
70  per  cent,  95  per  cent,  and  absolute  ethanol,  and 
infiltrated with a mixture of 1 part methyl methacrylate 
and  9  parts n-butyl  methacrylate  containing  1/~  per 
cent benzoyl peroxide. After 30 minutes in the metha- 
crylate  monomers  the  cells  were  embedded  in  pre- 
polymerized  methacrylate,  and  polymerization  was 
completed at 60°C. 
Sections, prepared  with a  Porter-Blum  microtome, 
were mounted on carbon films and observed in an RCA 
EMU-2A  electron  microscope  equipped  with  biased 
gun,  compensable  objective  pole  piece  and  one-mil 
objective aperture. 
Observations  by  phase  contrast  microscopy  were 
made on living cells using the method of Mason and 
Powelson (11).  Cells from liquid cultures were smeared 
on  plates  containing  2  per  cent  agar  in  the  liquid 
culture  medium,  and  coverslip  impressions  of  these 
smears were mounted in 16 per cent gelatin dissolved 
in the liquid culture medium. Coverslip impressions of 
cells fixed  for 10 minutes after adding 0.1 ml. of 2 per 
cent  osmium  tetroxide to  2  ml.  of  the liquid  culture 
were  stained for  10 minutes in Sudan  black B,  while 
parallel  preparations  were  hydrolyzed  in  N  HCI  for 
8  minutes  at  60°C.  and  stained  with  Giemsa  for  8 
minutes. Observations were made with a  Leitz Diaiux 
microscope equipped with a  Leitz Pv Apo Oil 90/1.15 
objective and Heine condenser. 
RESULTS 
I. Electron Microscopy 
A.  General Observations  on  the  Structure  of  R. 
rubrum Cells Grown Anaerobically  in the Light: 
Figs.  1 and 2  illustrate the spiral form and po- 
lar  flagella  characteristic  of  intact  R.  rubrum 
cells.  Projections  of  the  cell  surface  can  be  seen 
along the edges of  these intact cells,  as well as in 
many  of  the  sections  presented  in  subsequent 
figures.  Sections  containing only  a  portion of  the 
cell  surface  (Fig.  2  b)  indicate  that  the  external 
cell  surface  of  the specimen is structurally  differ- 
entiated into a  series of undulated ridges oriented 
parallel  or  obliquely  to  the  long  axis  of  the  cell 
and probably following its spiral axis. 
Favorably oriented sections  through R.  rubrum 
show  that  these  ceils  possess  several  distinct 
peripheral layers  (Fig.  2  a).  The  three outer  lay- 
ers  consist  of  two  dense  layers  separated  by  a 
layer  of  lower  density,  each  layer  being  ap- 
proximately  3  m>  to  4  m>  thick.  These  three 
layers are usually closely associated and are more 
sharply  defined  than  the  innermost layer,  which 
is  distinguished  from  the  underlying  protoplasm 
by  its  slightly  greater  density.  This  innermost 
layer  is  approximately  5  m~  to  10  m~  thick,  is 
seperated  from  the  three  outer  layers  by  a  var- 
iable distance, and appears to follow the contours 
of  the  structures  located  immediately  beneath  it 
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In Fig.  3,  and in other  sections of  R.  rubrum 
showing  areas  of  ground  substance,  the  cyto- 
plasm can be seen to consist of a basic structural 
unit,  regardless  of  the  age  of  the  culture  from 
which  the  cells  are  taken.  These basic units are 
composed  of  a  dense  central  granule  5  m/z  to 
10 m# in diameter surrounded by a zone of lesser 
density.  These  particles  are  approximately  cir- 
cular in outline with a  diameter of  about  10  m/~ 
to  20 m#, although similar particles with diame- 
ters  of  up  to  40  m#  are  observed  occasionally. 
B. Observations on R. rubrum Cells from Cultures of 
Different Ages: 
Samples  of  R.  rubrum  cells  from  cultures  of 
different  ages  show  the  sequential  changes  in 
internal morphology  to  be  described  below.  Al- 
though  this  sequence  has  been  observed  con- 
sistently in samples of  cells  taken from different 
series  of  transfers,  the  actual  chronology of  the 
sequence varies slightly from one series  of trans- 
fers to another. Consequently, the indicated ages 
of  the cultures should be considered approximate 
and are used only to establish the relative ages of 
the cultures. Any deviation from the cultural con- 
ditions described above may be expected to affect 
the sequence reported here. 
The development of cells in cultures up to 9 or 
10  days  old  is  quite  uniform. In older  cultures, 
however,  there  is  a  reappearance of  cells  typical 
of those found in younger cultures. 
R.  rubrum  cells  obtained  from  cultures  12 
hours after inoculation are shown in Fig. 3.  Such 
cells  contain a  granular cytoplasm and scattered 
low-density  areas  containing  a  reticulum  of 
strands measuring approximately 5 m# in diame- 
ter.  These areas have no limiting membrane and 
will  be  referred  to  as  chromatin  areas  because 
they  correspond  to  those  areas  that  stain  with 
Giemsa  (Figs.  30,  33,  36,  39).  Dense,  rounded 
bodies are scattered  throughout the cells, and on 
the basis of  their density, size,  and behavior un- 
der  electron bombardment, these  bodies  are  be- 
lieved to  be  similar to  the polyphosphate bodies 
previously  reported  in  R.  rubrum  (7,  12,  18). 
Although  the  presence  of  either  chromatophores 
or  lamellae has  been considered a  distinguishing 
characteristic of  light  grown  R.  rubrum  by  ear- 
lier investigators, it  is  evident from  Fig.  3  that 
R. rubrum  cells from very young cultures contain 
neither of  these structures. 
The  presence  of  chromatophores  within  R. 
rubrum  first  becomes  evident in  cells  from  cul- 
tures 18 to 24 hours old, as shown in Fig. 4. The 
chromatophores  here  have  essentially  the  same 
density and internal structure as the surrounding 
cytoplasm,  and  are  distinguishable primarily by 
the  presence of  the  membrane surrounding each 
chromatophore.  The  chromatophores  are  most 
numerous  in,  although  not  restricted  to,  the 
peripheral  areas  of  the  cells.  Paired  lamellae, 
which  may  represent  longtitudinal  sections 
through cytoplasmic tubules, have been observed 
in occasional sections of  cells  from such  cultures 
(Fig.  5). 
Cells  from  cultures  1  to  4  days  old  undergo 
several  types  of  internal  differentiation  which 
overlap  in  their  sequence  of  appearance.  Fol- 
lowing  the  initial appearance  of  the  chromato- 
phores,  the  cytoplasm  of  the  cells  from  one  to 
three day old cultures becomes filled with granu- 
lar  bodies 30 m#  to  70  m/z  in diameter  (Figs.  6 
to 8). These bodies increase in density relative to 
the  surrounding cytoplasm  and  then  disappear 
from  the  cells.  At  the  time  of  greatest  density 
they  can  be  seen  to  consist  of  dense  granules 
about 5 m# in diameter embedded in a matrix of 
greater  density  than  the  surrounding  cyto- 
plasm  (Fig.  8).  These granular bodies appear  to 
result from an increase in density of the basic 5 m~ 
to  10  m#  cytoplasmic granules described earlier, 
accompanied by deposition of material in localized 
areas of  the  cytoplasm. 
Within  12  to  24  hours  after  the  initial  ap- 
pearance of  the granular cytoplasmic bodies just 
described,  and  while  they  are  still present,  new 
structures  appear  within  the  cells.  These  are 
commonly  seen  as  large,  circular  vacuoles  sur- 
rounded  by  a  membrane, as  in  Fig.  9.  Several 
such  vacuoles  may  occur  within  a  single  cell, 
either  independently or  clustered  into groups  of 
two  to six, usually separated only by their mem- 
branes,  which  may  or  may  not  be  continuous 
between adjacent vacuoles.  Structures of  similar 
size  are  occasionally also  found  either  partially 
or  completely  filled  with  a  finely granular  ma- 
terial  similar  to  the  undifferentiated  cytoplasm 
(Figs.  10 and 11), or containing a dense, reticulate 
structure (Fig.  12)  which has also  been observed 
to  occur  extracellularly  (Fig.  13). Different 
planes of  sectioning through  the  structures  indi- 
cated at  V1,  V2,  and  V3  in Fig. 7 could produce 
images similar to those seen in Figs. 9  to  11. The 
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13  may  represent  a  further  differentiation  of 
those  shown  in  Figs.  10  and  11.  The  circular 
vacuole  in  Fig.  9  is  of  common  occurrence  in 
cells from cultures 2 to 4 days old, while the filled 
and  the  reticulate  structures  appear  to  occur 
somewhat  earlier  and  are  relatively  transient. 
These  structures  are  not  present  in  cells  from 
cultures 4  to  9  days  old,  but  reappear  in older 
cultures. 
In  cells  from  cultures  1  to  4  days  old,  the 
chromatin  areas,  polyphosphate  bodies,  and 
chromatophores  show  only minor changes.  These 
changes include an increase in size of the chroma- 
tin areas (Fig. 5),  an increase in the number and 
size of the polyphosphate bodies (Figs.  5 and 6), 
and a decrease  in density of  the  chromatophores 
relative to  the  surrounding cytoplasm  (Fig.  14). 
The increase in extent of  the chromatin areas, 
observed first  in cells from  cultures  1 to  4  days 
old  (Fig.  5)  becomes  quite  pronounced  in  cells 
from  cultures 4  to  7 days old.  Four consecutive 
sections through  a  cell  from  a  7-day-old culture 
(Fig. 15)  show  the striking increase in the size of 
the chromatin areas during this period. It is also 
obvious from Fig. 15  that the extent of the chro- 
matin  area  present  in  any  particular  section 
through such a  cell will  vary markedly with the 
plane  of  sectioning.  Low  magnification  survey 
micrographs,  however,  show  that  the  extensive 
central chromatin area shown in Fig.  15  is  char- 
acteristic of cells from cultures of this age group. 
The electron-dense bodies assumed to be poly- 
phosphate  attain  their  maximum  size  in  cells 
from cultures 4 to 7 days old and are most abun- 
dant along the periphery of  the  chromatin areas 
(Fig. 15). Fig.  17  shows  two such polyphosphate 
bodies, along with cellular debris, isolated by low 
speed  centrifugation following  sonication of  the 
cells.  Since  no fixative was employed in preparing 
this material, it is evident that  these  bodies  are 
inherently the  most dense component  of  the  R. 
rubrum  cell.  They  are  roughly  spherical  and 
about 170 m~ in diameter. 
Localized  regions of high density (D in Figs. 16, 
18, and 19), distinct from the polyphosphate bod- 
ies described above, first appear in cells from cul- 
tures 6 to  7 days old.  These regions are irregular 
in extent, are usually not sharply delimited from 
the  surrounding cytoplasm,  and  persist  in  cells 
from older  cultures. These  areas probably repre- 
sent localized  accumulations of a relatively dense 
material  within or  immediately adjacent  to  the 
chromatin areas.  The  appearance of  these  dense 
regions is followed  in cultures 7 to 8 days old  by 
an  increase  in  the  density  of  the  large  central 
chromatin area,  apparently resulting from an in- 
crease  in the size and number of strands compris- 
ing the reticulum of the chromatin area (Fig. 16). 
A variety of new structures begin to appear for 
the first time in cells from cultures 7 to  10 days 
old.  At present it is only possible to speculate as 
to  the  ontogeny  of  these  structures,  and  their 
functional  significance  is  completely  unknown. 
Figs.  18 and  19 show  two  consecutive sections 
through  a  cell  from  a  10-day-old  culture.  The 
structures  indicated  at  X  in  these  figures  are 
roughly circular and consist of an outer membrane 
enclosing an area of low density which contains a 
dense central body. The vacuoles at X  in Fig. 16 
may  represent  peripheral  areas  of  these  struc- 
tures. 
In  cells  from  younger cultures  the  chromato- 
phores  are  observed  only  as  discrete  structures 
surrounded  by  a  single  membrane.  The  areas 
shown at X  and Y in Fig. 20 indicate that acces- 
sory membranes are  formed around one or  more 
chromatophores in cells from older cultures. 
Lamellar systems appear within cells from cul- 
tures of 8- to  10-days-old  and older, as shown in 
Figs. 21  through 25.  The individual lamellae are 
about 5 m~ in diameter and are often associated 
in pairs, as in Figs. 24 and 25. Although no definite 
relationship has yet been established between the 
various  types  of  lamellar  structures  shown  in 
Figs.  20  through  25,  it  is  considered  probable 
that  they  represent  different  phases  in  the  de- 
velopment  and  different  planes  of  sectioning 
of a  common structure. 
Although  empty  cells  have  been  observed  in 
old cultures, Figs.  26  and 27  represent what  are 
believed to  be two different forms of cells which 
are no longer metabolically active. Fig. 26 shows 
the  more  prevalent  type,  having a  low  over-all 
density,  little  differentiation between  cytoplasm 
and  chromatin  area,  and  only  a  few  scattered 
chromatophores. The cell in Fig. 27 is a  type less 
frequently encountered in old cultures. It is filled 
with  the  dense granular bodies commonly found 
in cells from younger cultures (Figs.  6  to  8),  and 
may represent a cell which ceased  to develop at a 
relatively early stage.  However, cells of this type 
are occasionally found in which laminated struc- 
tures  are  also  present;  so  it  is  probable  that  in 
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cells from younger cultures reappear at some later 
stage of development. The cell in Fig. 27 contains 
little or no visible cytoplasm, only a few chromato- 
phores,  and the detached  cell wall indicates that 
the cell was probably no longer functional. 
II.  Light Microscopy 
Photomicrographs  of  living and  of  stained R. 
rubrum  cells,  as  they  appear  by  phase  contrast 
microscopy,  are  shown  in  Figs.  28  through  39. 
The  micrographs of  Sudan black B  and  Giemsa 
preparations  of  corresponding  age  were  taken 
from  the  same  bacterial cultures, while  those  of 
living cells  were  taken from a  different series  of 
transfers.  The  serial  transfers used  for  light  mi- 
croscopy  were  prepared  several  months  subse- 
quent to those used for electron microscopy. 
Living cells  from  cultures  15  to  20  hours  old 
contain  either  discrete  (Fig.  28)  or  elongate 
(Fig.  31)  areas  of  lower  density, although  some 
cells from these cultures appear uniformly dense. 
Sudan black B stains the cells uniformly and only 
slightly (Fig. 29), while cells stained with Giemsa 
(Fig. 30)  show  predominantly discrete chromatin 
areas. 
Dense granules, visible in both Sudan prepara- 
tions (Fig.  32)  and in living cells  (Fig.  34),  and 
vacuoles  which  are  visible  in  both  Sudan  and 
Giemsa  preparations  (Figs.  35,  36),  appear  in 
cells from cultures 1 to 4 days old.  In each series 
of serial transfers, cultures of increasing age from 
1  to  4  days  old  have shown an increase in the 
number of  cells  containing granules  and  in  the 
number of granules per cell, followed by a  reduc- 
tion in the  number of  granules per  cell  and  the 
appearance of vacuoles, and finally a reduction in 
the  number of  vacuoles present.  Both  structures 
are  absent  from  cells  from  cultures  older  than 
about 4 days. These granules and vacuoles visible 
by light microscopy are believed to correspond to 
those structures observed by electron microscopy 
shown at  V1,  V2,  V3, and VL in  Figs. 7, and  9 
to  12.  In  contrast  to  the  sections  prepared  for 
electron  microscopy,  however,  light  microscopy 
indicates that  the  vacuoles  (Figs.  35,  36)  are  a 
relatively transient stage  as  compared  with  the 
dense granules (Figs. 32, 34). 
Living  cells  observed  by  phase  contrast  mi- 
croscopy  show  a  general decrease  in density be- 
ginning with cells from cultures about 3 days old, 
and cells from cultures older than 4 to 5 days are 
of uniformly low density and show no distinct in- 
ternal structure, with the exception of occasional 
cells containing a  large, irregular dense area (Fig. 
37).  Cells stained with Sudan black B during this 
period again stain uniformly and lightly (Fig. 38), 
although  occasional cells  in  the  Sudan  prepara- 
tions contain an irregular, dense area  similar to 
that found in living cells during this period (Fig. 
37).  The  chromatin  areas  observed  in  Giemsa 
preparations from cultures 5 to 8 days old appear 
predominantly as  axial  strands  (Fig.  39)  which 
may be broken into two or three segments, as op- 
posed  to  the  discrete  (Fig.  30)  and  irregularly 
elongate  (Fig.  33)  chromatin  areas  observed  in 
Giemsa preparations from younger cultures. 
DISCUSSION 
The  present  work  on  the  structure  of  Rhodo- 
spirillum  rubrum shows  that  the  cells of  this or- 
ganism possess a multilayered peripheral envelope 
similar to  that  recently demonstrated in phage- 
infected Escherichia coli (9).  The three outer lay- 
ers  of  the  envelope are  of  similar thickness,  are 
closely  associated and show  the same orientation 
to  the  plane of  sectioning, indicating that  they 
constitute a  three-layered  cell  wall  and  that  all 
layers of  the  wall are  involved in the  formation 
of  the  ridges  projecting from  the  surface of  the 
cell.  Salton  (14)  states  that  he  has  observed  a 
double layered cell wall in preparations of  sonic- 
ally  disrupted  R.  rubrum  cells,  while  previous 
studies  of  sectioned  R.  rubrum  cells  (12,  18) 
have  demonstrated  only  a  single  layered  wall. 
The observation (14) that the walls of R. rubrum 
cells  are  pigmented  appears  inconsistent  with 
the  internal organization  observed  in  sectioned 
cells,  and  is  probably  based  on  the  incomplete 
removal  of  protoplasmic  constituents  from  cell 
wall fragments. The presence and location of  the 
innermost layer of the envelope suggests its role as 
a  cytoplasmic membrane, but the  functional sig- 
nificance of this layer remains to be determined. 
As to the question of a  "nucleus" in R. rubrum, 
it  can  only be  stated  that  the  general size  and 
distribution of the regions described here as chro- 
matin  areas  correspond  to  those  areas  staining 
with Giemsa. Thus, the discrete chromatin areas 
observed in sections of  cells  from  12-  to  18-hour 
cultures (Figs.  3 and 4)  are comparable to  those 
areas stained by Giemsa in cells from cultures of 
the same age  (Fig. 30). In cells from slightly older 
cultures these areas are more elongate and irregu- 
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the  Giemsa  preparation  of  Fig.  33,  while  cells 
from older cultures show  extensive axial chroma- 
tin areas  (Figs.  15  and  16,  Fig. 39).  These areas 
correspond to those of similar structure described 
in  sections  of  cells  of  other  bacterial  species 
(1,  2, 4,  10). In R.  rubrum the strands contained 
in these chromatin areas constitute the most deli- 
cate and variable structures of  the  cell,  with  re- 
spect  to  processing  the  cells  for  sectioning. 
Although the  extent and shape  of  these  areas  is 
relatively  constant,  except  in  schedules  giving 
very  poor  results,  the  fine  reticulum  shown  in 
these areas is most commonly seen as one or more 
thick,  dense axial strands,  often associated  with 
dense granules, with the surrounding area empty. 
These  thickened strands and surrounding empty 
areas are presumed to result from condensation of 
the  reticulum during preparation of  the  cells for 
sectioning,  but  information  as  to  the  inherent 
structure of these chromatin areas is not available 
at present. Previous studies of sectioned R. rubrum 
cells  (12,  18)  have  made  no  mention of  these 
areas. 
The  ground cytoplasm of  R.  rubrum  is  shown 
here to consist of 100 to 200 A particles containing 
a  dense  central granule.  Such  particles  occur  in 
the  cytoplasm of  other  bacterial species  (3)  and 
probably correspond to the 40 S particulate frac- 
tion obtained from R. rubrum by Schachman et al. 
(15). According to these investigators, this fraction 
consisted of particles about 150 A to 200 A in di- 
ameter which  contained the  bulk of  the  cellular 
RNA and certain enzymatic activity. 
The  large  circular vacuole seen in  Fig.  9  has 
also  been observed in the preparations of  Niklo- 
witz and Drews  (12) and Vatter and Wolfe (18). 
The  latter  authors  believed  that  such  vacuoles 
correspond to areas staining with Sudan black B. 
However, it is shown in the present study that, as 
the  cultures age,  the  filled  and  reticulate struc- 
tures seen by electron microscopy in Figs. 10 to 12, 
and the Sudan-positive bodies seen in Fig. 32 by 
light microscopy,  appear  in cultures of  the  same 
age.  These are followed  in slightly older cultures 
by the appearance of  vacuoles  (Figs.  9,  35,  36). 
Thus,  the  large  vacuoles  seen  in  the  sectioned 
preparations of  Vatter and Wolfe  (18),  and here 
in Fig. 9,  are visible as vacuoles by light micros- 
copy  (Figs.  35,  36);  while  the  Sudan-positive 
bodies (Fig. 32)  which occur in younger cultures 
correspond to  the  filled  and reticulate structures 
observed in sectioned cells  (Figs.  10  to  12). The 
vacuole shown in Fig. 9, and the filled and reticu- 
late  structures in Figs.  10  through  13  are  all of 
similar  size,  possess  a  limiting membrane,  and 
occur in cultures of approximately the same age. 
It is probable that these structures represent dif- 
ferent phases in the development of a single cyto- 
plasmic element and  may  be  tentatively related 
as  follows:  An area  of  the  cytoplasm about 0.5 
microns in diameter is delimited by a  membrane 
(Fig. 10). The cytoplasm within this membrane is 
then condensed (Fig. 7,  V1,  V2, and Fig. 11) and 
differentiated to form a  reticulate structure (Fig. 
12),  and  the  extracellular  occurrence  (Fig.  13) 
of  this  reticulate structure  may account for  the 
vacuole seen in Fig. 9. The frequency with which 
the  reticulate structures occur  extracellularly has 
not been determined. 
The predominance of vacuoles observed in sec- 
tioned cells,  as  opposed  to  the  predominance of 
dense  granules  observed  in  living  cells  and  in 
Sudan black  B  preparations,  may have  resulted 
from partial or complete removal of the contents 
of these dense granules in preparing the cells  for 
sectioning. It  is  equally possible,  however,  that 
this may reflect  a  sampling difference  or  an un- 
controlled change in the environment of cultures 
in different series of transfers. 
The present study shows  that  R.  rubrum  cells 
are  capable  of  developing  both  chromatophores 
and  systems of  paired lamellae. The presence of 
chromatophores  is  characteristic  of  cells  from 
relatively young cultures. Cells from older cultures 
contain  both  chromatophores  and  lamellar  sys- 
tems, in addition to the other structures described 
here. Since the R. rubrum cells studied by Vatter 
and  Wolfe  (18) were  obtained  from  relatively 
young cultures,  the  presence  of  chromatophores 
and  absence  of  lamellae,  as  reported  by  these 
authors,  is  to  be  expected.  The  presence  of  la- 
mellae  and  absence  of  chromatophores  in  the 
preparations  of  Niklowitz  and  Drews  (12)  indi- 
cates  that  these  investigators worked  with  cells 
from cultures older than those used by Vatter and 
Wolfe  (18).  Although it  has  previously been as- 
sumed  that  the  chromatophores  are  packed 
throughout the cell (15,  18), Figs. 7, 8, etc. show 
that  this  is  not  the  case,  and  some  sections  of 
individual  cells  are  found  in  which  chromato- 
phores are indistinct or absent, as in Figs. 10,  11, 
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preparations  of  Niklowitz  and  Drews  (12) may 
be explained on this basis. 
The  absence  of  chromatophores  in  cells  from 
12-hour  old cultures cannot be explained at pres- 
ent.  Cohen-Bazire,  Sistrom,  and  Stanier  (5) 
have  noted  a  reduction in  the  concentration of 
photosynthetic  pigments  in  R.  rubrum  cells 
grown aerobically in the light, and it is  possible 
that the small amount of residual oxygen present 
in the culture tubes immediately after inoculation 
may inhibit the development of  chromatophores. 
At  any  rate,  the  absence of  chromatophores  in 
12-hour  old  cultures, and their presence in older 
cultures prepared  by  serial  transfers  from  these 
12-hour  cultures, suggests that the first structur- 
ally distinct chromatophores to appear within the 
cells  are not produced  from pre-existing chroma- 
tophores under these conditions. 
The relationship of  the chromatophores to  the 
more  complex  laminated  structures  observed  in 
cells from older cultures has not been established, 
but  the  presence  of  more  than  one  membrane 
surrounding  a  chromatophore  and  the  appear- 
ance of a  common membrane surrounding groups 
of  chromatophores,  as  seen  in  Fig.  20,  suggests 
that  at  least  some  of  the  chromatophores  may 
function  as  centers  about  which  the  lamellar 
structures  develop. 
Sections of Spirillum serpens prepared by Chap- 
man and Kroll  (6)  reveal several structural fea- 
tures  in  this  organism  which  bear  at  least  a 
superficial resemblance to  some of the structures 
found in R. rubrum. Fig. 1 of Chapman and Kroll 
(6) shows an "inclusion body" at X  similar to the 
concentric lamellae seen in R.  rubrum in Fig. 22, 
and the "inclusion" at Y in their Fig. 8 may cor- 
respond  to  the  granular  bodies  shown  in  R. 
rubrum in Fig. 8; while the vacuoles in S. serpens 
indicated at  V  in  Chapman and  Kroll's Fig.  8 
are of similar size to that in R. rubrum shown here 
in Figs. 9 and 10. 
The  remarkable  variety  and  complexity  of 
structure  observed  within  R.  rubrum  raises  the 
question of the possible presence of contaminants 
in the cultures studied. Constant checks  by phase 
contrast microscopy have revealed only spiral or- 
ganisms in the  cultures.  In addition, the  micro- 
graphs presented here  show  a  gradual change of 
structure in cells from increasing age.  This estab- 
lishes a  structural continuity and  developmental 
sequence that would not have been observed had 
a  contaminating organism been included in these 
observations. It may also be mentioned that typi- 
cal bacteriophage particles have not been observed 
in  either  shadowed  or  sectioned preparations  of 
R. rubrum cells. 
The  study  of  the  internal structure  of  these 
cells from cultures of  different ages  involves cer- 
tain practical difficulties  which have a bearing on 
the  interpretation  of  the  observations  reported 
here.  The  spiral nature of  the  organism and the 
absence of constant internal structural landmarks 
make it extremely difficult to orient the plane of 
sectioning with respect to the cell. Also,  many of 
the  structures  seen  in  the  electron  micrographs 
are not distinctly visible on the viewing screen of 
the  EMU-2A  electron  microscope  because  of 
their low contrast with respect to the surrounding 
cytoplasm, and they are too small to be resolved 
in low-magnification  survey micrographs. Sections 
of cells from older cultures are especially confusing 
because of  the  reappearance in these  cultures of 
cells  typical of  younger cultures.  These  factors, 
together  with  the  inherent limitations of  static 
observations of a  dynamic process,  make it pos- 
sible that some important phases in the develop- 
ment  of  the  various  structures  observed  have 
been  omitted,  with  others  receiving undue  em- 
phasis. Full knowledge of the origin, relationship, 
and function of these  structures must await fur- 
ther  investigation. 
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EXPLANATION OF  PLATES 
PLATE 143 
Fins.  1 and  2.  Lyophilized  (Fig.  I)  and  air-dried  (Fig.  2),  shadowed  preparations  of whole R.  rubrum ceils 
showing the spiral shape,  polar  flagella,  and irregular surface structure  characteristic of this  organism.  Fig.  1, 
X  17,000. Fig. 2, 12,000. 
FIG.  2 a.  Portion  of a  sectioned R.  rubrum  cell showing multilayered peripheral  envelope.  )<  93,000. 
FIG. 2 b.  A  section oriented tangentially to the surface of a R.  rubrum cell and including primarily cell wall 
material. The dark lines in the  section are ridges on the surface  of the cell which are oriented perpendicular to 
the plane of sectioning.  X  60,000. 
Fro.  3.  Section of R.  rubrum from a  12-hour-old  culture.  Structural  features include the granular cytoplasm 
(CP),  chromatin  areas  (CA),  and  high  density  particles  (P)  presumed  to  be polyphosphate.  Chromatophores 
are not present in cells from cultures of this age.  )<  90,000. THE  JOURNAL OF 
BIOPIIYSICAL AND BIOCIIEMICAL 
CYTOLOGY 
PLATE  143 
VOL. 6 
(Hickman and Frenkel: Structure of Rhodospirillum rubrum) PLATE  144 
Fro. 4.  Section of a R. rubrum cell from an 18-hour-old culture showing the initial appearance of chromatophores 
(C).  X  88,000. 
Fro.  5.  Sections of cells from cultures  18  to  24 hours old occasionally reveal the presence of paired  lamellae 
(L),  which may  represent longitudinal  sections of tubules whose cross-sections are indicated  at  Lx.  X  88,000. THE  JOURNAL OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  144 
VOL. 6 
(Hickman and Frenkel: Structure of Rhodospirillum rubrum) PLATE 145 
FIGS. 6 and 7.  Sections of cells from cultures 2 to 3 days old show distinct chromatophores (C),  the presence 
of numerous granular cytoplasmic  bodies (G),  and vacuolar bodies which  may  appear  empty  (V3), or partially 
filled  (V1, V2). Fig.  6,  X  79,000.  Fig.  7,  X  28,000. THE  JOURNAL  OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  145 
VOL. 6 
(Hickman and Frenkel: Structure of Rhodospirillum rubrum) PLATE 146 
FtG.  8.  Section of R. rubrum showing details of the granular cytoplasmic bodies (G)  seen at lower magnifica- 
tions in Figs.  6,  7,  and elsewhere.  X  107,000. 
FIGS. 9  through 13.  Sections of cells from cultures 2  to 4  days old.  The structures indicated at  VI,  V2,  V3, 
and  VL in these figures are believed to represent different phases in  the development, and  different planes of 
sectioning, of a  single structure.  They are probably comparable to the structures indicated at  VI,  V2, and  1'3 
in Fig. 7. The vacuole in Fig. 9 is of common occurrence in such cultures, while the filled and reticulate structures 
of comparable size in Figs.  10 to  12 are observed less frequently.  Fig.  13 shows the extracellular occurrence of 
the reticulate structure seen in Fig.  12. Fig. 9, X  110,000. Fig. 10, X  93,000. Fig. 11, X  93,000.  Fig.  12, X  86,000. 
Fig.  13, X  102,000. THE  JOURNAL  OF 
BIOPItYSICAL AND BIOCHEMICAL 
CYTOLOGV 
PLATE  146 
VOL. 6 
(H[ckman and Frenkel: Structure of Rhodospirilhtm rubrum) PLATE 147 
FIG.  14.  Peripheral section of a  cell  from a  4-day-old culture showing close packing of the chromatophores 
(C) in the peripheral areas of the cell and the decreased density of the chromatophores relative to the surrounding 
cytoplasm. X  92,000. 
FIo.  15.  Four consecutive sections of cells from a 7-day-old culture illustrating the pronounced increase in size 
of the central chromatin area (CA) in such cells and the relation between plane of sectioning and observed size 
of the chromatin area.  Large,  high density particles (P), presumed to be polyphosphate, are located along the 
periphery of the chromatin area.  X  ]8,000. THE  JOURNAL OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  147 
VOL. 6 
(Hickman and Frenkeh Structure of RhodospiriUum rubrum) PLATE  148 
FIG.  16.  Section of R. rubrum  showing the increase in density of the central chromatin area  (CA)  in cells from 
cultures 7 to 8 days old, and dense area (D) observed initially in cells from cultures 6 to 7 days old. The vacuoles 
(X) may correspond to peripheral areas of the structures seen at X  in Figs. 18 and 19.  X  50,000. 
FIo.  17.  Air dried,  shadowed preparation  of two  spherical,  high-density particles  (P),  together with cellular 
debris, isolated by low-speed centrifugation following sonication of R. rubrum cells. These particles are comparable 
to those seen in Figs. 3,  15,  and elsewhere. X  31,000. 
FIGs.  18 and  19.  Two  consecutive sections through a  cell from a  10 day-old culture containing a  dense area 
(D),  a  portion  of the chromatin  area  (CA),  and  structures  consisting of a  limiting membrane  enclosing a  low 
density region containing a  dense central body (X). Both figures, X  85,000. THE  JOURNAL  OF 
]8IOPHY~qICAL AND BIOCHEMICAL 
CYTOI,OGV 
PLATE  148 
VOL. 6 
(Hickman and Frenkel: Structure of Rhodospirillum rubrum) PLATE  149 
FIO.  20.  Section showing the presence of more than  one  membrane surrounding one  (X)  or  more  (Y)  chro- 
matophores. X  77,000. 
FIGS.  21  through 23.  Several types of lamellar structures found in  sections of R.  rubrum cells from older cul- 
tures. Fig. 21,  X  79,000.  Fig. 22,  X  75,000.  Fig. 23,  X  83,000. THE  JOURNAL OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  149 
VOL. 6 
(Hickman and Frenkel: Structure of Rhodospirillum rubrum) PLATE 150 
FIGS. 24 and 25.  Sections of cells from  11- to  12-day-old cultures containing systems of paired lame]]ae and 
various structures of undetermined origin and function. The large structures of circu]ar cross-section in Fig.  24 
may represent early stages in the development of the elongate laminated structure.  Both figures,  X  80,000. 
FIts. 26 and 27.  Sections of R. rubrum  cells from 13- and 15-day-old cultures. The multilayered structure of 
the cell envelope is visible at several points in Fig. 26. The granular bodies (G) present within the cell in Fig. 27 
are comparable to those seen in Figs. 6 to 8. Fig. 26,  X  45,000.  Fig.  27,  X  59,000. THE  JOURNAL  OF 
BIOPtIYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  150 
VOL. 6 
(Hickman and Frenkel: Structure of Rhodospirillum rubrum) PLATE 151 
FIGS. 28 through  39.  Photomicrographs  of living and  stained R.  rubrum cells from cultures of different ages: 
First vertical column  (Figs.  28,  31,  34,  37);  living cells  as  they appear  by phase  contrast  microscopy.  Second 
vertical column  (Figs.  29, 32, 35,  38);  cells stained  by Sudan  black B. Third vertical column  (Figs.  30, 33,  36, 
39); cells stained with HC1-Giemsa. 
Ages of cultures from which the cells were taken:  Figs.  28, 31,  20 hours.  Figs.  29, 30,  17 hours.  Figs.  32, 33, 
43 hours.  Fig. 34, 55 hours.  Figs.  35, 36,  70 hours.  Fig. 37,  100 hours.  Figs.  38, 39,  120 hours. 
All figures,  X  4500. THE  JOURNAL OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  151 
VOL. 6 
(Hickman and Frenkel: Structure of Rhodospirillum rubrum) 